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Abstract

Terahertz (THz) technology has attracted tremendous attention recently due to
its promising applications in various domains such as medical, biological, industrial
imaging, broadband, safety, communication, radar, space science, and so on. Due to
non-availability of powerful sources and highly sensitive and efficient detectors, the
so-called THz gap remains largely unfilled. Despite seamless efforts from electronics
and photonics technology researchers, the desired level of technology development to
till the THz gap still remains a challenge. GaN-based HEMT structures have been
investigated as potential THz sources and detectors by a number of researchers. This
chapter presents a very new and versatile mechanism for electrical tuning of
intersubband transitions (ISBT) GaN high electron mobility transition (HEMT)
devices. ISBT phenomena are usually demonstrated in photonic devices like a quan-
tum cascade laser (QCL). Here we explore ISBT in an electronic GaN HEMT device.
Conventional photonic devices like a QCL are operated at cryogenic temperature to
minimize thermal effect. Tuning the conduction band through external gate bias is an
advantage of an HEMT device for room temperature (RT) THz applications. This
chapter demonstrates the theoretical and experimental novel ISBT phenomenon in
GaN HEMT is for potential ambient applications in the THz range.

Keywords: GaN HEMT, terahertz device, Intersubband transition, Plasmonic
Metamaterials, quantum well

1. Introduction

Terahertz (THz) radiation is a small portion of the electromagnetic spectrum
lying between the microwave and infrared regions. There is no precise range defin-
ing THz band, but it is most often —considered as frequencies in the range of 0.3-3.0
THz. Although sometimes it refers to 0.1-10 THz as well. The THz spectral range
has drawn tremendous attention recently due to its promising applications in vari-
ous domains. For example, in the field of biomedicine, THz radiation has been
explored to detect various biomaterials like nucleic acids, proteins, cells and tissue
applications [1, 2]. In the field of medical applications, the THz system has been
demonstrated as a highly effective technique in cancer imaging, particularly for skin
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cancer [3, 4]. A portable real-time THz imaging system could be used to assist early
detection of diseases during routine health checkups. Since many non-metallic, non-
polar materials are transparent to THz radiation, scanning of humans is feasible with
no health hazards. Due to this, THz radiation is widely used for security and public
safety applications. THz radiation can detect concealed weapons, explosives (e.g., C-
4, HMX, RDX and TNT), illicit drugs (e.g., methamphetamine and heroin), and more
[1]. THz imaging has become a valuable characterization tool for non-destructive
testing, process control and quality inspection for inspection of silicon solar cells,
nanocomposites, polymer films and dielectric films [1, 5, 6]. Space- and ground-based
THz instruments have been explored significantly in the field of astronomy. For
example, the THz system is extensively used to study the origin of the universe,
formation of stars and galaxies, composition of planets and planetary atmospheres,
the climate and environmental balance of our planet Earth, and more [7, 8].

Despite these tremendous potential applications, the so-called THz Gap is not
tulfilled to the required level due to technology requirements of high-power sources
and efficient and sensitive detectors in the THz range. Semiconductor devices and
circuits like transistor and frequency multipliers work well towards the low end of
THz frequency, but their power level drops off precipitously as the frequency
increases. These devices can be operated up to ~1 THz with very low power.
Conversely, semiconductor photonic devices like lasers can be utilized in the high-
frequency THz range. Again, lasers are limited due to the non-availability of lower
bandgap semiconductor materials towards low-frequency THz. The THz quantum
cascade lasers (QCLs) showed promising results to fill this THz gap from 1 to 10
THz. However, QCLs required bulky cooling requirements, and reported maximum
operating temperature is in the range of 150-200 K, which is too low for general
applications [9, 10]. The demand for a compact, efficient and high-speed THz
detector and source operating at room temperature has increased drastically. The
non-availability of a room-temperature THz source and detector is a prime limita-
tion of the modern THz system.

In this chapter, novel theoretical models and experimental techniques for the
intersubband transitions (ISBT) phenomenon are illustrated for ambient THz appli-
cations. Section 2 covers the theoretical models and simulations based upon plasmonic
metamaterials-assisted ISBT and describes the GaN HEMT response towards the THz
spectrum. Section 3 covers the fabrication and measurement of a GaN HEMT device.
Section 4 is investigates ambient temperature ISBT in a GaN HEMT device.

2. Theoretical modeling and simulation strategy

In this section, we present our theoretical model based on ISBT, metamaterial and
plasmonic phenomena for GaN HEMT THz applications [11-13]. We proposed a
combined plasmonic and metamaterial-driven ISBT phenomenon as one of the possi-
ble modes that can extend GaN HEMT operating frequency well beyond its present
cut-off frequency to the THz band. ISBT is the prime mechanism to explore as a
potential mechanism for THz operation, while metamaterial and plasmonic effects
improve the strength of ISBT in a GaN HEMT structure. Theoretical modeling started
with the role of polarization in a wurtzite semiconductor followed by the self-
consistent solution of Schrodinger and Poisson equations; k.p model and Fermi
Golden rule are used to compute ISBT in the GaN HEMT structure. The size and
geometry of an HEMT device act as THz metamaterial (this concept is explored in-
depth in Section 2.4) and it couples THz radiation to two-dimensional electron gas
(2DEG) inside a triangular quantum well. Further, very small gate lengths in the
range of 100-250 nm are selected for high-frequency operation of HEMT. This fine
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nanometric-sized gate structure of HEMT excites surface plasmon waves at the inter-
face between the gate metallic contact and 2DEG channel in the GaN heterostructure
(this concept is explored in-depth in Section 2.5). These combinations (i.e., plasmonic
metamaterial-assisted ISBT) govern the THz response of the GaN HEMT device.

2.1 GaN heterostructure and device description

GaN heterostructure is generally grown on sapphire or silicon carbide (SiC)
substrate. Figure 1(a) shows the most widely used GaN heterostructure, which
consists of a 60-nm AIN nucleation layer, 2-pm thick undoped GaN layer, 1-nm AIN
spacer layer, 20 nm-undoped Aly 3Gag 7N barrier layer, and 3-nm Si;N, passivation
layer. Introducing a thin 1-nm AIN interlayer between AlGaN and GaN plays a
crucial role. Better carrier confinement, reduced alloy scattering and enhanced
conductivity are achieved by inserting a thin AIN layer [14, 15]. The cross-sectional
view of the simulated GaN HEMT device by Silvaco TCAD is shown in Figure 1(b).
Computation mesh to simulate the device structure is shown in Figure 1(c). In the
regions beneath the gate, at the edges of the source and drain contacts and at the
AlGaN/AIN/GaN interface, fine meshing is done to achieve the convergence and
accuracy of the calculations. The spacing between different electrodes, namely,
source to gate, gate to drain and source to drain are set to 0.9, 2.0 and 3.0 pm,
respectively. Gate length is kept as 100 nm. To obtain lower gate resistance, gate
geometry is selected as T-gate in simulation as well as in fabrication.

Generally, high-power RF GaN HEMT is fabricated in a multi-finger configura-
tion. Two ground-source-ground (GSG) configurations are shown in Figure 2:

2 x 150 and 8 x 150. To measure the RF performance of the device GSG configura-
tion is widely used for HEMT fabrication. The 2 x 150 configuration contains two
gate fingers with 150-micron unit gate width of the device. Similarly, the 8 x 150
configuration contains eight gate fingers with 150-micron unit gate width. To expand
the device length for high-power applications, a greater number of gate fingers are
used. For example, if the power handling capability of the fabricated GaN HEMT is
5 W/mm, the 2 x 150 = 0.3-mm device can be used for 1.5 W RF power. Similarly, the
8 x 150 = 1.2-mm device can be used for 6.0 W RF power. Before further discussion
on plasmonic metamaterial-assisted ISBT, the following section refreshes some fun-
damentals about polarization in III-N (nitride) semiconductors.

2.2 Polarization in GalN heterostructure

The nitride semiconductor materials exhibit inherent polarization properties.
Having the large ionicity of the nitride bond (Ga-N, Al-N, In-N, etc.), it possesses a
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Figure 1.
(a) GaN Heterostructure, (b) HEMT cross-sectional view and (c) HEMT mesh structure (veprinted with
permission from Ref. [12]).
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Figure 2.

Typical configurations of GaN HEMT (a) 2 gate fingers with 150 micron gate width (2 x 150) (zoom image for gate
fingers visualization and (b) 8 gate fingers with 150 micron gate width (8 x 150). Representation 3.0/0.10/8/150
indicates source to drain distance 3.0 ym, 0.1 ym (100 nm) gate length, 8 fingers device with 150 pm gate width.

piezoelectric polarization (Ppg) component, while the absence of the center of
inversion symmetry and uniaxial nature of the crystal structure produces sponta-
neous polarization (Psp). Total polarization (Pr) in the nitride semiconductor
heterostructure is a combination of spontaneous polarization (Psp) and piezoelec-
tric polarization (Ppg), as shown in Eq. (1).

Pr = Psp + Ppg 1)

Furthermore, the strain-induced effect at the interface between two nitride
semiconductors enhances piezoelectric polarization in the heterostructure. Piezo-
electric polarization of the crystal is generally defined in terms of strain (¢) and
stress (6) components. Stress and strain are correlated in a crystal by elastic coeffi-
cient &5 = Cjj 635. The piezoelectric polarization in heterostructure grown along the
z-axis (0001) is given by,

Ppg = Ex3e; + Ex(ex + &) (2)

where Es3, and E3; are piezoelectric coefficients, and ¢, ¢, and ¢, are strain in x,
y and z-directions, respectively. The crystal edge length and height are represented
as ag and ¢y respectively in a hexagonal crystal lattice. The strain along the %, y
and z-axis is given by (in-plane strain along x-axis and y-axis are assumed to be
isotropic),

C—2Co a — aog
€Z: ’gx:{/‘y:
o

(3)

a0

where ag and ¢y are the equilibrium or unstrained values of lattice constants and
a and c are the strain lattice constant due to growth of heterostructure. For hexag-
onal lattice crystal, the strain components along ¢, and ¢, are related with elastic
coefficients as per the following equation,
13 C—=¢Co c13 4 —ao

&y = —2— &y, = -2—
C33 €o 33 ag

(4)

where Cy3 and Cs; are the elastic constants. Substituting Egs. (3) and (4) in
Eq. (2),
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The macroscopic piezoelectric polarization is defined by variations of the lattice
constants a and c. The microscopic piezoelectric polarization is expressed in terms
of an internal parameter u, defined as the anion—cation bond length along the z-axis
(0001) [16]. Substituting elastic constant values for AIN and GaN in Eq. (5), one
gets piezoelectric polarization of AIN greater than GaN. Spontaneous polarization
closely depends upon crystal structure c/a ratio. The ideal c/a ratio in the hexagonal,
closed-pack crystal structure is 1.633. The spontaneous polarization is found to be
greater in actual crystal structures as the c/a ratio is different from its ideal value
[16]. This nonideality of c/a ratio in AIN is also greater than GaN, which leads the
greater spontaneous polarization. The spontaneous and piezoelectric polarization
for alloy (i.e., AlGaN) is obtained by linear interpolation of the binary constituents
(Vegard’s law). In summary, the spontaneous and piezoelectric polarizations for
AlGaN over the whole range of compositions are larger than that of a GaN buffer
layer.

The polarization-induced charge density and sheet density in the
heterostructure is given by,

p=-—-V=xP (6)
c=P T(Layerl) — p T(Layer2)

6= [P SP(Layerl) +P PE(Layerl)] - [P SP(Layer2) +P PE(Laye;Q)] (7)

The polarization-induced charge density and sheet density for the case of
AlGaN/GaN heterostructure is given by,

6 = [Psp(Gan) + Pre(Gany| — [Psp(aicany + Preaican] (8)

Extracted 2DEG concentration, purely due to polarization effects, is the order of
~10"® cm 2 for nitride heterostructures. Unlike GaAs MODFET heterostructures,
no doping is required in nitride heterostructures to generate 2DEG concentration,
which is a great advantage of these structures.

The basic equations of physical processes are solved for every grid point in the
simulation. These equations include Poisson’s equation, continuity equations and
transport equations, derived from Maxwell’s equations [17]. The computation of
2DEG properties due to spontaneous and piezoelectric polarization effects is
performed using a polarization model [18, 19]. An induced, strong polarization field
is introduced to calculate band diagrams. To increase the reliability of simulation,
measurement-based ohmic contact resistance and Schottky barrier height data were
incorporated in the simulation to define source, drain and gate contacts. A low field
mobility model is used to account for the temperature-dependent drift of electrons
and holes separately [20]. The Shockley—Read-Hall recombination model is used to
estimate the statistics of holes and electrons as well as their recombination rate. The
traps/defects in the heterostructure play a crucial role in the performance of GaN
devices. Accordingly, we also introduced interface traps energy level and density in
the modeling. Output results were extracted by solving the basic equations for every
grid point with the different biasing conditions. The variation of the drain current
with respect to applied drain (Vd) and gate (Vg) biasing voltage is plotted in
Figure 3. The simulated output characteristics (Id-Vd) and transfer characteristics
(Id-Vg) are shown in Figure 3(a) and (b), respectively. The extracted transcon-
ductance is >350 mS/mm as shown in Figure 3(c). The extracted capacitance-gate



Terahertz Technology

(a) (b) (c)
450

-E-]_DOU J——" . 1V 800 P S 400

g ¥ P 00 E ~ " 150
= 800 / ———— Vg= 05V = ! "

E 0 e ~=Vd=1.0V D E / L 300?
R Vg=-1.0V —~ =S 4 20 g
% —-\d=2.0V ‘s (0] f 200
- 500 / 4 00 = | Y 0008
£ a0 / Vg=-15V ~Vd=3.0V _v" e » | 150 €
N r o we 2 ! 00 £
3 w20y ‘,i' o é J s
£ 100 v e -

T . — ' Sty o '5 ;c.*obzm 20 eV uuU

a 00 50 100 180 o 40 3.0 20 10 o 5 ; : A ;

Drain Voltage Vds (Volt) Gate Voltage Vgs (Volt) Gate Voltage Vgs (Volt)

Figure 3.

(a) Output characteristics (id-Vd), (b) transfer characteristics (id-Vg) and (c) Transconductance of the
simulated device (veprinted with permission from Ref. [11]).
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Figure 4.

Extracted (a) CV profile and (b) 2DEG profile with applied gate voltage (reprinted with permission from
Ref. [12]).

voltage (Vg) and 2DEG density with applied gate bias are depicted in Figure 4(a)
and (b), respectively.

The current gain cutoff frequency (f;) and maximum frequency of oscillations
(fmax) are the two most pertinent parameters for high-speed device application. f;
and f,,., are extracted from small signal RF simulation. Current gain (hy;) and
maximum available power gain (G,) are simulated at bias conditions Vds = 7 V and
Vgs = —1.5 V and plotted with respect to frequency in Figure 5. A summary of
simulated DC and RF device parameters is given in Table 1 that closely matches the
corresponding process design kit (PDK) datasheet of renowned international GaN
foundries.

The cutoff frequency of field effect transistor (FET) including HEMT is defined
by f = 4. = VA, Where v is carrier velocity, L is gate length and 7 is electron
transit time under the gate. For very small gate length of 30 nm, up to 300-350 GHz
cut-off frequency operation has been demonstrated [21]. However, beyond con-
ventional transit-time limitations, these FET devices can be operated at much
higher frequencies up to THz. Dyakonov-Shur proposed the plasma wave theory to
describe THz behavior in FET devices [22, 23]. The basis of plasma wave theory is
the instability of 2DEG, which has a resonant response to incident electromagnetic
radiation in short-channel FET. The size and shape of the FET channel are used to
govern the resonant response of plasma frequency to electromagnetic radiation. The
tuning of plasmon frequency by external biasing has been used for detectors,
mixers and multipliers [23]. There are several reports available in which the plasma
wave theory is used to describe the THz behavior of devices. The plasma wave
theory concept has been widely demonstrated in conventional semiconductors like
Si [24], GaAs [22], GaN [25], and InP [26] as well as in new two-dimensional
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Figure 5.
Current gain and power gain of the simulated device (veprinted with permission from Ref. [11]).

Simulated result

Idss (A/mm) 0.995
Vknee (V) 5
Ron (ohm*mm) 3.5
Vth (V) -3.0
gm (mS/mm) 384
ft (GHz) 110
fmax (GHz) 180
Table 1.

Summary of extracted DC and RF device parameters.

materials systems like graphene [27], black phosphorus [28], and more. There are a
few papers available in which a working GaN HEMT mechanism is explained
through plasma wave theory [25, 29-32]. Based on our simulation and experimental
investigations, we have demonstrated for the first time that an ISBT mechanism, in
addition to established plasma wave theory, can describe the THz behavior of a GaN
HEMT device. ISBT theory is based on carrier transitions within a conduction band,
which is entirely different from plasma wave theory. The fundamentals of this
theory are explained below.

2.3 Quantum confinement in GaN heterostructure

The interaction between photons and electrons in the semiconductor can be
expressed by the Hamiltonian,

_ 1 2
H—%(p—eA) +V(r) 9)

where m, is the free electron mass, V(r) is the periodic crystal potential (in the
present case it is the triangular potential function given by, V(z) = eFz), e is charge
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of electron, Fz is electric field, and A is vector potential of applied electromagnetic
field. Hamilton can be expanded into,

2 2A2
H=2 v - parap +¢
27’}10

Zmo (10)

21’}’!0

H~Hy+H'

Here Hy is unperturbed Hamiltonian and H’ is perturbed Hamiltonian due to the
interaction of the electromagnetic wave.

Consideration of the strain effects for extraction of effective-mass Hamiltonian
is of prime importance for wurtzite semiconductors. This Hamiltonian is used to
derive the electronic band structures of bulk and quantum-well wurtzite semicon-
ductors. Kane’s model is applied to derive the band-edge energies and the optical
momentum-matrix elements for strained wurtzite semiconductors. We then derive
the effective-mass Hamiltonian by using the k.p perturbation theory. The devel-
oped k.p model is applied to our heterostructures structures, especially quantum
well via the envelope function approximation (EFA) method [33, 34]. An envelope
function model is derived for electrons in a semiconductor heterostructure. The
materials-dependent Hamiltonian extraction by EFA method is most suitable for
abrupt semiconductor junction [35]. The finite element method [36] is used to solve
the coupled multi-band Schrédinger Poison’s equation [37] numerically.

Under triangular quantum well, the solution of the wave function is given by [38, 39],

. 2 z* Fz Ei
Y (z) = Ai {mhif <Z—E)] (11)

where m,* is the effective mass of electron in the GaN, Fz is the electric field in
the z-direction, Ei is the eigenvalues of energy with i = 0,1,2, .... for the ground
state, 1st excited state and so on. Airy (Ai) function is given by

3

Ai(z) = %Jo cos (§ +zt> dt

The eigen value is given by [37, 38],

h? 13 3neF, (. 3 2/3
Ei~<2m*) [2 (z—l—zﬂ (12)

When an incident THz radiation illuminates the GaN HEMT, electrons may
absorb the photon energy and jump to a higher energy subband. Carriers below
Fermi energy levels were collected by drain electrode when we applied voltage
between source and drain. Using Fermi’s golden rule for the transition from i state
to j state, we can calculate the absorption coefficient by [34, 40],

2n
Wy =< Y\ H'|¥;>25(E; — E; — ho)
where H' is interaction Hamiltonian as per Eq. (10).
By applying the dipole approximation, we obtain [34, 40],

2r €2E02

W.=2>" 220
7 h 4mle?

<ileplj>*8(E; — E; — ho) (13)
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The matrix element in the above equation can be expanded in terms of interband
and ISBT as follows,

<ileplf > =e. <uylpluy > <f,|f, > +e <uluy> <f,|plf, >

Applying the envelope function matrix element in the z-direction can be written as

<ilp,[j> = J'{’i* =)p, ¥ (=)dz

The dimensionless optical field strength between the two-energy state is given
by [33, 38],

.y 2mo*wy .
Fi =y <ilpeli>? = = <ilelj>? (14)
z - W5
where w; = (Ej — E;) /2
<i/zl/j > can be expressed as,
2L
<Z"ZIj> :Zjiziz (15)
(5 —¢)
with, ti and L are electric length expressed as,
3 (. 3\
=7 (+3)] oo
o\’
L= () )

By substituting Egs. (15)-(17) in Eq. (14) we get,

8.32 I\ 2/3 3 2/3 3 2/3
fiy ) |(+3) - (+3) ] e
t J

By substituting i = 0 and j = 1,2,3, ... oscillation strength for transition can be
calculated as fo; = 0.73, fo, = 0.12, fo3 = 0.045, and so on. The oscillator strength of
all the transitions is sum up to 1. Calculated transition indicates that the probability
for higher-level transitions is very weak.

The gradual pinning of Fermi level inside the quantum well is possible by
increasing gate voltage. When gate voltage is sufficiently negative (0 > Vt > Vg),
the conduction band is above the Fermi level. In this case, the channel is completely
depleted of 2DEG. When the gate voltage is greater than the threshold voltage
(Vg > Vt), charges start filling the channel. As the gate voltage increases, the Fermi
level gradually pins inside the quantum well and 2DEG carriers are filled among
allowed subbands in the channel. When gate voltage is sufficiently higher
(Vg > 0 > Vt), the carrier occupies all allowed subband below the Fermi energy
level. For this case, total 2DEG charges are distributed in the allowed energy
subband and take participation in channel conduction. The triangular quantum-well
conduction band energy profile for GaN HEMT with different gate biasing
conditions is shown in Figure 6(a). Fermi energy level pinning inside the
subbands of triangular quantum well with different applied gate biasing is shown in
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Figure 6.

Conduction band energy profile with diffevent applied gate voltage and Fermi energy level with filled subband
inside triangular quantum well with different applied gate biasing (b) Vg >0 > Vt, (c) Vg = 0 > Vt and (d)
0 > Vt > Vg (reprinted with permission from Ref. [12]).

Figure 6(b)-(d). The spacing and charge filing inside the subband strongly
depends upon gate-biasing voltage. In other words, the gate biasing-assisted tuning
of intersubband resonance (ISR) frequency is possible in the HEMT structure.

In the simulation, we extracted up to four ISB energy levels inside the triangular
quantum well. The ISR frequency as a function of applied gate-biasing field is
calculated using Eq. (12) and by solving self-consistency Schrodinger—Poison solver
for different gate-biasing voltage. The same are shown in Figure 7(a) and (b). The
ISB tuning is one order higher in asymmetric triangular well potential as compared
to the conventional square well potential. Moreover, 2DEG carrier concentration
inside the GaN HEMT channel also depends upon Al composition and AlGaN
barrier layer thickness. Figure 8(a) and (b) show the simulated 2DEG carrier
concentration variation with AlGaN thickness and Al composition, respectively. It
clearly indicates that increment in barrier layer thickness, and Al composition
enhances the 2DEG density inside the channel. It further implies that manipulation
in ISR is possible in GaN HEMT devices based on variation in 2DEG density, which
provide tuning in the THz region.

2.4 Metamaterial-embedded ISBT

The combination of ISBT in semiconductor quantum wells with metamaterials
shows great potential in the THz region [41-47]. There are large numbers of
metamaterial structures that have been employed and demonstrated enhanced per-
formance in the THz region. In the present modeling work, we report that the
standard GSG device geometry of HEMT itself acts as a metamaterial structure. The
enhancement of THz interaction with 2DEG inside the triangular quantum well is
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Figure 7.

Intersubband resonance frequency as a function of the applied field (a) calculated using Eq. (12), (b) by
solving self-consistency Schrodinger-Poisson solver. (veprinted with permission from Ref. [12]).
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Figure 8.
2DEG carrier concentration of AlIGaN/AIN/GaN heterostructure for (a) different AlGaN thickness, (b)
different Al composition in AlGaN layer (veprinted with permission from Ref. [12]).

reported for GaN HEMT. The resonance mode in metamaterial structure is dynam-
ically manipulating the carrier distribution inside the quantum well.

For the metamaterial modeling work, the GaN heterostructure and device
geometry are kept identical, as shown in Figure 1. A finite difference frequency
domain CST Microwave Studio simulator has been used to simulate the entire
device configuration, which acts as THz metamaterial. Standard GSG configuration
along with 50- to 150-micron gate width has been used for 3D electromagnetic
modeling as shown in Figure 9(a)-(c). Very fine localized tetrahedral sub-meshing
has been used in the active source to drain region to enhance the accuracy of
calculations as shown in Figure 9(d). THz radiation (0.3-3 THz) is illuminated on
the entire GSG device configuration, which includes the active GaN HEMT region
as well. Table 2 shows the dimensions used in 3D EM simulation work. Three
different geometries, 2 x 50, 2 x 100 and 2 x 150, have been used in the present
study. The E-field of the incident THz plane wave is kept at 1 V/m for all three
devices.

The wavelength corresponding to the entire THz spectrum (0.3 to 10 THz) is
about 30-1000 micron. If the device dimension is of the order of incident radiation,
it acts as an antenna. Antenna size and shape largely determine the frequency it can
handle. Antenna-coupled THz source and detector show a potential advantage in
the performance of devices for the THz region [48-52]. The dimensions of the
devices as listed in Table 2 are of the order of illuminated THz radiation wave-
length. These devices act as antennas, which leads to convergence of incident
radiations towards the active channel region. The resultant electric field intensity
inside the active channel region between source and drain is greatly enhanced. The
enhancement of the field due to illumination strongly depends on the frequency of
incident radiation and device dimension. For example, the electric field intensity
distribution for 0.4 THz incident radiation is shown in Figure 10 (a)-(c) for three
different GaN HEMT devices. Each device structure has a unique resonance
response towards incident THz radiation. Similarly, the resonance response of a 2 x
100 GaN HEMT device towards incident THz radiations, namely 0.3, 0.7 and 1.75
THz, is shown in Figure 10(d)-(f). Moreover, the illumination-dependent
enhancement of the field is not distributed uniformly throughout the channel. The
highest field distribution found at the center of a 2 x 100 device for 1.75 THz
illuminations is shown in Figure 10(f). The summary for average field enhance-
ment inside the channel region due to illumination is illustrated in Figure 11. The
GaN HEMT device itself acts as metamaterial, which further influences the overall
THz performance of the GaN HEMT device.
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Figure 9.
Three different configuration (a) 2 x 50, (b) 2 x 100 and (c) 2 x 150 of GaN HEMT and (d) GaN HEMT
meshing (veprinted with permission from URSI RCRS 2020, IEEE Xplove).

Device Distance between Gate width Gate length Total device dimension
configuration Sand D (um) (pm) (nm) (pm x pm)
Device A (2 x 50) 3.0 50 100 350 x 400
Device B (2 x 100) 3.0 100 100 400 x 400
Device C (2 x 150) 3.0 150 100 450 x 400

Table 2.

Different device configurations used in simulations.

2.5 Plasmonic-assisted ISBT

A plasmonic nanostructure provides unique opportunities for manipulating
electromagnetic waves in the THz range. Recently many novel plasmonic
nanostructure-based devices such as photoconductor antennas [52, 53], detectors
[31], and plasmonic photomixers [54], QCLs [55] showed significant improvement
in device performance.

For plasmonic structure simulation, the finite element frequency domain
COMSOL Multiphysics numerical method has been used to solve Maxwell’s equa-
tion to predict electromagnetic interaction in each layer of the semiconductor
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(a) (b) (c)
E_.

(d)

Device B

Figure 10.

Electrical field enhancement for 0.4 THz incident radiation on (a) 2 x 50, (b) 2 x 100 and (¢) 2 x 150 of
GaN HEMT devices. Electrical field enhancement for 2 x 100 GaN HEMT device at (d) 0.3°THz, (e) 0.7°
THz and (f) 1.75°THz incident radiation (veprinted with permission from URSI RCRS 2020, IEEE Xplore).
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Figure 11.
Electrical field enhancement due to illumination of terahertz radiation on GaN HEMT devices.

heterostructure. Heterostructure stack, device geometry and device structure are
kept identical as used in semiconductor modeling shown in Figure 1. We kept

1 V/m incident plane wave THz radiation from 0.3 to 3 THz to interact with the
GaN heterostructure. The surface plasmon is generated at the interface between
nanometric gate contact and heterostructure.

The field in the vicinity of the fine gate structure is drastically increased due to
surface plasmon generation. Subsequently, the THz incident wave is coupled to
2DEG inside the channel. The concentration of the induced electric field is consid-
erably enhanced in close proximity to the device gate contact electrodes. The
induced electric field is approximately 5.5E+06 on the gate and 8.5E+06 V/m on the
gate edge for 0.4 THz due to plasmonic structure as shown in Figure 12. As the
incident frequency increases, the plasmonic-induced electric field also increases and
saturates towards higher frequency as depicted in Figure 13. It was interesting to
find that the plasmonic-enhanced field (~10” V/m) is approximately one order
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Figure 12.
Electrical field enhancement for 0.4°THz incident radiation on GaN HEMT device using a finite element
method-based electromagnetic solver (COMSOL).
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Figure 13.
Induced electrical field due to terahertz radiation illumination on GaN HEMT device using a finite element
method-based electromagnetic solver (COMSOL).

greater than the externally applied bias field (~10* V/cm = 10° V/m) at the gate
(Figure 7).

The outcome of the entire simulation activities clearly demonstrates GaN HEMT
device operation in the THz range beyond its cut-off frequency. It is also shown that
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overall performance of GaN HEMT is governed by aggregate effects of ISBT,
plasmonic structure and metamaterial behavior.

3. Fabrication and measurement of GaN HEMT devices

In this section we report fabrication and measurement details for experimental
investigation of room-temperature, photon-induced electrical tuning of ISBT in
GaN HEMT, which extends the device operating frequency well beyond its present
cut-off frequency [56]. For sample fabrication, an AlIGaN/AIN/GaN-based
heterostructure was grown by metalorganic chemical vapor deposition (MOCVD)
on 6H polytype of silicon carbide (6H-SiC) wafer. The layer sequence, thickness
and composition were kept identical as used in our modeling and simulation work
(Figure 1(a)). A 60-nm aluminum nitride (AIN) nucleation layer was grown on
(0001) the face of a semi-insulating silicon carbide (SI-SiC) wafer. In the MOCVD
growth, unintentionally doped (UID) GaN buffer layer thickness was set to ~2 pm.
On the top of the GaN buffer layer, a 1-nm AIN spacer layer followed by an
undoped Alj 3Gag 7N barrier layer was grown to form a triangular quantum well of
GaN HEMT. A small 3-nm SizN, passivation layer was kept as a top protective layer.
For the purpose of characterization of this GaN heterostructure to assess quality and
properties, highly precise standard semiconductor characterization tools like Hall
measurement (nanomagnetic instruments), high-resolution XRD (Bruker D8 Dis-
cover), photoluminescence (PL) system (DongWoo Optron), and others were used.
Room-temperature mobility and 2DEG carrier concentration were measured using
the Hall measurement method. Composition, thickness and lattice constants for
heterostructure materials were extracted using HR-XRD. The growth quality was
evaluated using the PL method.

A standard fabrication process flow as shown in Figure 14 was adopted for GaN
HEMT device fabrication. Device-to-device isolation was performed by MESA

=TT

©)

SiC wafer GaN Heterostructure MESA isolation Lithography & Recess
Etching for Ohmic contact

-—E-n -
SIN Passivation & Contact Schottky Contact Gate Lithography Ohmic Contact
Pad Thickening

R R

Figure 14.
GaN HEMT fabrication flow along with the cross-sectional view of the device.
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etching using BCl5/Cl,/Ar dry plasma. An inductively coupled plasma-reactive ion
etching (ICP-RIE) system was used for HEMT device isolation. Source-drain spac-
ing was kept at 3.0 micron and electron beam lithography was used for ohmic
contact (source and drain) patterning. Recess etching of the barrier AlGaN layer
was required to fabricate good ohmic contacts. An optimized recessed etching
process was followed to etch ~10 nm of the AlGaN layer using BCl;/Cl,/Ar plasma.
During recess, BCl3/Cl,/Ar flow rates were maintained at 20/10/10 SCCM with ICP
power and RF power at 350 W and 60 W, respectively. Post recess, the sample was
dipped in HCL:DI (1:10) for one minute to minimize the impact of oxidation on the
surface. A Ti/Al/Ni/Au (20/210/55/45 nm) lift-off metallization scheme was
selected and deposited by electron beam evaporation for ohmic contact. The sample
was annealed at 870°C for 45 s under N2 atmosphere using rapid thermal annealing
to form the ohmic contact [57]. The ohmic contact resistance was measured using a
standard transmission line model (TLM) with the help of a semiconductor charac-
terization system (Model Keithley 4200). Electron beam lithography was used to
form a mushroom gate contact. A Ni/Au metallization scheme was selected for gate
contact to achieve high Schottky barrier height. A Ni/Au (30/300 nm) stack was
deposited using electron beam evaporation and lift-off technique followed by
annealing at 450°C for 120 s under N2 atmosphere using rapid thermal annealing
system [58]. To address the DC-RF dispersion issue, the SizN4 passivation layer of
120-nm thickness was deposited using PECVD. Contact pad thickening was formed
by 800-nm Ti/Au deposition to reduced resistive loss. The fabricated GaN HEMT
wafer (1 square inch) having more than 300 GaN HEMT devices is shown in
Figure 15. A sufficient number of variants are kept in fabrication in terms of device
length and number of device fingers for wider statistical data. Device length varies
from 50 to 300 micron (50, 100, 150, 200, 300), while number of fingers varies
from 2to 12 (2, 4, 6, 8, 10, 12). All devices have a 100-nm mushroom gate structure.
The wafer also contains varieties of process control monitors (PCMs) for ohmic
contact, Schottky contact, short, open and through the structure for RF
measurement.

Current—voltage (IV) measurements on the fabricated sample were performed
using a highly accurate and precise Keithley 4200 source measurement unit (SMU)
inside a vacuum chamber equipped with a Janis probe station and Lakeshore
temperature controller. IV measurements were performed in dark mode

(a) (b)

Figure 15.
(a) GaN HEMT fabricated wafer (b) 100°nm 2 x 100 GaN HEMT device (veprinted with permission from
Ref. [56]).
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(no illumination) and radiation illumination mode to extract the ISBT in fabricated
GaN HEMT devices. 1-mW blue, yellow and red LEDs as well as 300-W halogen
lamp-based perpendicular illumination sources were used in our experiment to
excite the deep-level traps in the GaN HEMT device, while 1-mW broadband
infrared illumination sources like a red laser (630-690 nm), near-infrared (NIR)
LED (650-850 nm) and short-wave infrared (SWIR) LED (1.7-2.1 micron) based
illumination at an oblique angle of incident (AOI) were used to investigate the ISBT
at ambient temperature. Moreover, to confirm the transition is solely dependent
upon the bandgap phenomenon, low-temperature PL and IV measurements were
also carried out. Most devices showed the ambient temperature ISBT, however, we
selected the 2 x 100 device for demonstration.

4. Results and discussion on experimental outcome

Post growth, the GaN heterostructure was extensively evaluated using standard,
highly accurate semiconductor characterization techniques. Table 3 shows the
summary of extracted heterostructure properties using various characterization
techniques. Room-temperature mobility and 2DEG carrier concentration were
found to be 1885 cm?®/V.s and 1.1E + 13 cm ™2, respectively, using the Hall measure-
ment method. The composition and thickness of the AlGaN barrier layer play
crucial roles in polarization and 2DEG carrier accumulation inside the GaN HEMT.
Thickness of 21 nm and Al composition of 31% were found in the AlGaN barrier
layer against targeted thickness of 20 nm and Al composition of 30%. Ohmic and
Schottky contacts to GaN heterostructures play a vital role in the development of a
GaN HEMT device. Low contact resistance of ~0.27 Q.mm and high barrier height
of ~0.72 eV were extracted using IV measurements. Surface traps were present in
the GaN HEMT devices and led to significant degradation of DC and RF perfor-
mance. High-quality SizN, surface passivation deposition was used to effectively
reduce surface traps. The improvement in drain current density is about 35 mA/mm
and in RF gain is 4 dB at 10 GHz after SizN, deposition, which clearly indicates the
majority of surface traps are saturated after passivation. The saturation drain cur-
rent density (@ Vg = 0 V) was measured at ~1 A/mm, while cut-off frequency of
~89 GHz was extracted for the fabricated 100-nm GaN HEMT.

FET shows the response towards THz beyond its cutoff frequency even at room
temperature irrespective of semiconductor material systems [22, 24-28]. The
Dyakonov-Shur plasma wave theory [22, 23] classically explains the THz behavior
of the device starting from conventional semiconductors like Si, GaAs, and GaN to
recently developed 2D materials system like graphene, MoS,, WS,, black phospho-
rous, and others. We proposed ISBT transition at ambient temperature as another

Properties AlGaN GaN Measurement method
Thickness 21nm 2.0 HR-XRD
Composition (%) Aly31Gag goN — HR-XRD
Lattice constant (A°) 5.121 5.185 HR-XRD

Bang gap (eV) — 3.44 PL

2DEG — 1.1E+13 Hall

Mobility (RT) — 1885 Hall

Table 3.

Measured hetevostructure properties using standavd semiconductor charvacterization equipment.
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potential mechanism for THz response of the GaN HEMT device. ISBT is demon-
strated using IV measurement of the GaN HEMT device under dark and illuminated
conditions. Usually, IV characteristics are the combination of all possible phenom-
enon in the FET. It is very difficult to distinguish the defects- or traps-assisted
transitions, thermal transitions and ISBTs in the IV characteristics of FET. How-
ever, electrical tuning of ISBT in GaAs HEMT has been demonstrated [59]. There
are three following key challenges involved in supporting the ambient ISBT
mechanism in FET/HEMT.

1.rule out plasma wave mechanism
2.Defects—/traps-based transitions

3.Thermal energy-assisted transitions

4.1 Rule out plasma wave mechanism

The basic physics involved in plasma wave theory is that 2DEG instability in
short-channel HEMTs has a resonant response to incident electromagnetic radia-
tion. The resonance frequency is governed by the size and shape of the channel (i.e.,
the geometrical plasmon frequency). Tuning the plasmon resonant frequency to the
incident THz wave is used for detectors, mixers and multipliers, as the carrier
resonance happens in the THz frequency range only. It is not possible to generate
plasma wave inside the FET channel if the incident radiation has a frequency other
than THz. In other words, if we are using a source other than a THz radiation source
that is capable of inducing the ISBT, the generation of plasma waves can be ruled
out inside the FET/HEMT.

4.2 Defects/traps-based transitions

The deep-level traps- or defects-assisted transitions have been well reported
since the invention of heterostructure [60]. The traps’ energy level and density
depend upon several parameters like heterostructure growth condition, materials
system, and others. Especially in GaN-based wide bandgap semiconductor mate-
rials, the domination of the deep-level traps is even more significant than GaAs
semiconductor material [61]. It is highly difficult to prevent the transitions through
these traps. However, control over traps-based transition is possible, as it shows the
different responses towards the incident radiations. If we are selecting the illumi-
nation source that has the least significance for trap excitation and the most signif-
icance for ISBT, then defects—/traps-assisted transitions can also be also ruled out.

4.3 Thermal energy-assisted transitions

The thermal energy associated at room temperature is ~25 mev (~ 6 THz),
which is much higher than the spacing between the subband in a quantum well. It is
very difficult to negligible thermal energy contribution. Thermal occupation of
electrons in a higher subband may prevent the observation of ISBT at ambient
temperature [59]. Measurement are done at ambient as well as low temperature in
vacuum condition with a precise and accurate temperature controller to quantified
the thermal transitions. Furthermore, source-measurement units (SMUSs) are accu-
rate for detecting very small changes in measurement for dark and illuminated
conditions. The background thermal energy contribution in transitions is equally
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present in both dark and illumination modes, which clearly indicates the presence
of ISBT in the measurement.

In summary, to confirm the transitions solely occurring due to ISB inside the
triangular quantum well of the heterostructure, we used a 1-mW SWIR LED
because it is least significant for trap excitation [62, 63], whereas it is most signifi-
cant for ISBT. Moreover, the use of a SWIR source that is not in the THz frequency
range ensures that the generation of plasma wave inside the channel is not possible.
The blue LED was selected for measuring traps-assisted transitions. Table 4 sum-
marizes the key challenges involved along with possible solutions to confirm room-
temperature ISBT in GaN HEMT.

To excite the deep-level traps in a GaN heterostructure, 1-mW blue, yellow and
red LEDs as well as a 300-W halogen lamp-based perpendicular illumination were
used. It is well proven that as we move from NIR to UV radiations, the trap
excitation becomes more efficient. It is difficult to excite traps larger than 870 nm
[62, 63]. In our experiments, blue LED was found to be more efficient among all
used light sources to excite the deep-level traps. To extract the trap-assisted transi-
tions, a 90-degree AOI under blue LED illumination for 10 min was used. The Id-Vd
characteristics and change in drain current (AlId) of the 100-nm GaN HEMT with-
out and with illumination are shown in Figure 16(a). Deep-level traps-assisted
transitions increased the drain current up to approximately 24 mA/mm as shown in
Figure 16(b). It was found that after 10 min of illumination, there was no further
significant increase in drain current, which confirms that most traps were saturated
and the equilibrium condition was reached.

Sr. No Discrimination ISBT from Used excitation source/methods
other mechanism

1 Plasma wave mechanism Non terahertz radiation source
2 Defects/traps induced transition ~ Blue LED
3 Thermal energy contribution Measurement in vacuum, precise temperature control with

highly accurate SMUs
Confirm with low temperature IV and PL

4 ISBT SWIR (1.7-2.1 pm) source

Table 4.
Measurement methods and excitation sources used to confirm ISBT.
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Figure 16.

Effect of 90° AO Iillumination with blue LED (a) on id-Vd characteristics of 100 nm GaN HEMT device (b)
change in drain current (veprinted with permission from Ref. [56]).
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Red laser (630-690 nm), NIR LED (650-850 nm) and SWIR LED (1.7-2.1
micron) broadband infrared sources were used in our experiment to investigate
physical phenomena other than plasma wave at ambient temperature. It is noted
that the ISB absorption characteristics were found to be identical for all used IR
sources (red laser, NIR and SWIR LEDs) with the highest absorption found for the
case of SWIR LED.

For ISBT experiments, we selected 1-mW SWIR LED as it is least significant for
trap excitation [62, 63], whereas it is most significant for ISBT. GaN heterostructure
materials have a wide bandgap with lower cut-off wavelengths than the wavelength
of the IR light source, ensuring the transition of the carriers from valance band to
the conduction band is forbidden.

When light is incident perpendicular to the sample surface ISBT cannot be
induced, as the electric field has component only in the quantum-well plane [40].
We illuminated the sample at an oblique angle of incidence to discriminate ISBT
with other transitions. When the sample is illuminated with an oblique angle, IR
radiation interacts with carriers inside the subband of the triangular quantum well
and transitions occur within the conduction band. The Id-Vd characteristics and
change in drain current (AId) of the 100-nm GaN HEMT without and with 30 s of
45-degree AOI SWIR LED illumination are shown in Figure 17(a) and (c). A zoom
portion of the Id-Vd curve for —0.5 and — 1.0 gate voltage is shown in Figure 17(b)
for visualization purposes, as the change in drain current was very small due to
illumination. Infrared lamp-assisted photoinduced ISBT in doped and undoped
multiple quantum wells was reported by Olszakier et al. in a series of experiments
[64-68]. It was concluded that the ISBT involves free electrons as well as excitons.
The exciton-based transitions have greater frequency and oscillator strength than
those of the bare electrons.

The bulk wurtzite semiconductor band diagram along with the two E; and E;
subbands in the triangular quantum well involves transition of free electrons and
excitons-based transition as shown in Figure 18(a)-(c), respectively. In the asym-
metrical (triangular) quantum well, inversion symmetry with respect to the quan-
tum well center is broken, which leads to a relaxation of the selection rules (i.e.,
transitions between all subbands are allowed) [40]. It is possible to tune subbands
inside the quantum well by external electrical field in an HEMT device. Free
electron-based ISBT (0.5-10 THz) and exciton-assisted ISBT (for higher frequency)
can be exploited as potential tunable sources and detectors for the entire THz range.

The spacing between subband and quantum-well width depends on gate biasing.
Let us consider only two subbands, Eq and E; inside a well having Ny and Ny
electrons, respectively. The gate voltage is selected in such a way where ground
state E is situated below the Fermi level as shown in Figure 19(a). The 2DEG
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Figure 17.

Effect of 45° AO Iillumination with SWIR led (a) on id-Vd characteristics of 100°nm GaN HEMT device (b)
zoom portion of id-Vd characteristics for drain current change visualization and (c) change in drain current
(reprinted with permission from Ref. [56]).
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Figure 18.
(a) Band structure for wurtzite (WZ) bulk semiconductor with conduction band (CB), light and heavy holes
(HH, LH). The ISBT is shown in (b) well electrons and (c) the exciton schemes. (reprinted with permission

from Ref. [56]).
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Figure 19.
(a) Band-schematic of the first two subbands in a 2DEG with vespect to the Fermi level (b) absorption in the
subband. (veprinted with permission from Ref. [56]).

carriers below the Fermi energy level are extracted as a drain current by applying a
potential between source and drain. When the sample is illuminated, the electrons
in a ground state E, interact with an external electromagnetic field. The electrons
pick up photons from the illuminating field, which allows them to enter an excited
energy state E; within the subband as shown in Figure 19(b). These excited elec-
trons are in the energy level E, that is above the Fermi level. As these electrons are
not contributed to conduction, the drain current Id is decreased. This mechanism is
clearly observed in Figure 17(c) in terms of decrease in drain current due to
illumination, which shows ISB absorption. The amount of absorption strictly
depends upon the distribution of electrons in the subband and the spacing between
subband and width of well. To rule out thermal energy contribution in IV charac-
teristics, measurement is done in vacuum conditions. The precise and accurate
temperature controller and SMUs are used in measurement, which are able to detect
a very small change in drain current in dark and illuminated conditions. Moreover,
to confirm the transition is solely dependent upon the bandgap phenomenon, low-
temperature PL and IV measurements were carried out. The temperature-
dependent bandgap shifting in GaN found in PL measurement, as shown in
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Figure 20, matches with previously published results [69]. Low-temperature 200-K
and 100-K ISB absorption measurements were also carried out. It was found that
the intensity of absorption increases as the temperature decreases, as shown in
Figure 21(a) and (b). It indicates that thermal energy contribution decreases with a
decrease in temperature. The temperature-dependent bandgap variation in GaN
perfectly matches with ISB absorption (Vg = 0 V, Vds = 8 V), as depicted in
Figure 22.

In conclusion, low-temperature and angle-dependent illumination-based
measurements were used to confirm the ISB transition in GaN HEMT. We have
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Figure 20.
Low-temperature PL measurement of GaN heterostructure (veprinted with permission from Ref. [56]).

22



A Novel Approach for Room-Temperatuve Intersubband Transition in GaN HEMT...
DOI: hitp://dx.doi.ovg/10.5772/intechopen.98435

(a) (b)

0.0+ Drain Current change due to illumination 0.0~ Drain Current change due to illumination | Vo=+5V

05 W *"z f—vg=+10V
o o] 5252 \ —Vg=+05V
£ -0 E -154
E E 201 —Vg=00V
S 22s] \ FVg=05V
7 0 o 30 \ —Vg=1.0V
;—_ 254 ‘E a5 \ \ —Vg=-1.5V
g a0l A ; g 0 1 5
= | 3 454
O 5] —Vg=+15V| . so]
= | £
g ] —Vg=+1.0V| B 55
a ; —Vg=+05V| S 0]
iy —Vg=00V ® 65
& g &
5 50 —\Vg=05V | E 104
5 651 Vg0V | 6 78]

= | 8.0
—NVg=15V |
6.0 S S e e e e e i e e o e TR 85 L . e o e 30 B 5 2 o
001 2 3 4 5 6 7 8 9 10 11 12 13 14 15 001 2 3 4 5 B 7 B 0 1011 12 13 14 15
Drain Voitage (V) Drain Voltage (V)

Figure 21.

Change in drain current due to 45° AOI and 30°second illumination with SWIRLED at temperatuve (a)
200 K and (b) 100 K (veprinted with permission from Ref. [56]).
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Figure 22.
Temperature dependent GaN band gap and change in dvain current (vg = 0 V and Vds = 8 V) due to
illumination (veprinted with permission from Ref. [56]).

experimentally explored electrical tuning of ISB resonance phenomena inside the
triangular quantum well for a GaN HEMT device, which shows the potential of GaN
HEMT technology to be realized as a room-temperature THz source and detector.

5. Conclusion

We have developed theoretical models for electrically tunable plasmonic
metamaterials-assisted ISBT in GaN HEMT. Experimental demonstration of elec-
trical tuning of ISBT in a GaN HEMT device at room temperature has not only
provided a new alternate mechanism but also discriminates ISBT from other tran-
sitions induced by deep-level traps and defects in the 100-nm GaN HEMT device.
The chapter also explored the photonics ISBT phenomenon in a GaN HEMT device

23



Terahertz Technology

for external biasing, which depends on tuning of the subband. A novel approach for
ISBT in GaN HEMT helps to overcome the THz gap in the electromagnetic spec-
trum at ambient temperature.
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